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Introduction
============

RNA polymerase II is a multi-subunit enzyme responsible for transcription of most eukaryotic genes ([@bib22]). Exhaustive experiments performed over the last 30 yrs have given us detailed information on how this enzyme transcribes a naked DNA template in vitro, but we still know little about how it transcribes natural nucleosomal templates in vivo. Fortunately, protein dynamics in living cells can now be monitored using GFP; a hybrid gene encoding the protein of interest fused with GFP is expressed in a cell so the hybrid protein can be localized by its autofluorescence ([@bib36]). Fluorescence techniques like FRAP and fluorescence loss in photobleaching (FLIP)[\*](#fn1){ref-type="fn"} then permit analysis of diffusion coefficients, rates of exchange of tagged proteins between different cellular compartments, and the proportions of mobile and immobile fractions ([@bib7]; [@bib37]; [@bib10]; [@bib31]). Now, we have used these approaches to analyze the kinetics of the polymerase in living cells, using a cell line that we developed for the purpose.

The largest catalytic subunit of the polymerase bears a temperature-sensitive mutation in the CHO cell line, tsTM4. The wild-type subunit from human cells was tagged with GFP and expressed in tsTM4; this construct complemented the defect at the restrictive temperature, and enabled the mutant cells to grow normally ([@bib34]). This indicates that the tagged polymerase must be functional. However, these cells contain both endogenous and tagged polymerases, and we can estimate their relative contributions to the total polymerizing activity as follows: during elongation, the COOH-terminal domain of the largest catalytic subunit becomes hyperphosphorylated and reactive to the H5 antibody. As a result, this hyperphosphorylated form (form II~O~) is widely used as a marker for the active enzyme ([@bib5]; [@bib18]). Under the growth conditions used here, immunoblotting reveals that most of the H5-reactive form in the cell is the GFP-polymerase (GFP-pol) rather than the endogenous enzyme ([@bib34]). We now use these cells to analyze the mobility of the GFP-pol, concentrating on changes occurring over the minutes required to complete a transcription cycle (including initiation, elongation, and termination). Determining whether GFP-pol diffuses as a core enzyme of ∼500 kD or a larger complex of 1,000--2,000 kD ([@bib22]) requires analysis over fractions of a second and the development of fluorescent standards of appropriate size. However, note that no larger complexes involved in repair have been detected ([@bib11]). The kinetics are consistent with ∼75% of the GFP-pol being able to move quickly, with the remainder being transiently immobile (association t~1/2~ ≈ 20 min). No fraction immobilized in an inactive preinitiation complex could be detected. We also used a conventional biochemical approach (involving radiolabeling nascent transcripts with \[^3^H\]uridine) to confirm that the endogenous enzyme in wild-type cells completes a transcription cycle with roughly similar kinetics. Using current estimates of the length of a typical gene and the rate of elongation, we calculate that a polymerase would be engaged for only one half to five sixths of a transcription cycle; then, a typical expressed transcription unit would actually be transcribed for only a minority of the time.

Results
=======

FRAP
----

For FRAP, GFP-pol in a square area in the nucleoplasm of a living nucleus was bleached, and the increase in fluorescence within the area was measured and expressed relative to the level seen in the whole nucleus ([Fig. 1](#fig1){ref-type="fig"}, A--C). As transcription occurs in many sites spread throughout the nucleoplasm ([@bib34]), and as the irradiated volume is sufficiently large, many different molecules of GFP-pol active on many different transcription units will be bleached. Bleaching reduced the relative fluorescence in fixed cells from 1 to 0.07 ([Fig. 1](#fig1){ref-type="fig"} B, curve 1) and did not affect "run-on" transcription in the bleached area (monitored using Br-UTP; see Materials and methods). After bleaching living cells, the intensity rose rapidly before the first image was collected, and then more slowly ([Fig. 1](#fig1){ref-type="fig"} B, curve 2). Entry kinetics could be fitted ([@bib16]), assuming there were at least two populations in nuclei, with ∼75% entering quickly (t~1/2~ \< 0.25 min) and the rest with "slower" first-order kinetics (t~1/2~ ≈ 20 min). 95% confidence intervals were 74--76% for the "fast" fraction, 18--32% for the "slow" fraction (t~1/2~ 14--40 min). The fast fraction probably represents free GFP-pol that can diffuse throughout the nucleus. Its apparent rate of diffusion seems slightly slower than that of GFP ([Fig. 1](#fig1){ref-type="fig"} E; unpublished data) and may reflect its larger size and/or its repeated association and dissociation from nuclear binding sites. Whatever governs its kinetics, its entry into the bleached zone is so fast that it makes essentially no contribution to the slower kinetics that we wish to study. These slow kinetics are probably dominated by the time taken for engaged and bleached polymerases to finish elongating and dissociate, as well as for unbleached ones to diffuse in and initiate ([Fig. 1](#fig1){ref-type="fig"} C). This interpretation is supported by biochemical studies showing that ∼20% is engaged in a HeLa cell ([@bib17]). Moreover, pretreatment with 5,6-dichloro-1-β-[d]{.smallcaps}-ribofuranosylbenzimidazole (DRB), an inhibitor of elongation ([@bib40]), eliminates the slow fraction ([Fig. 1](#fig1){ref-type="fig"} B, curve 3); presumably, engaged polymerases became soluble and part of the fast fraction. We conclude that a complete transcription cycle has a half-life of ∼20 min in the absence of DRB. In addition, little inactive GFP-pol is bound stably to promoters or larger structures like "factories" ([@bib24]; [@bib4]), as DRB eliminates essentially all the slow fraction. The slight shortfall in recovery of intensity after DRB treatment is probably due to the incomplete inhibition of transcription.

![**GFP-pol kinetics.** (A) FRAP example. Images of typical equatorial sections before and after bleaching the square area. Bar, 10 μm. (B) FRAP results for fixed (4% PFA), living, and DRB-treated (100 μM for 0.5--2 h) cells (± SD, *n* ≥ 18). The curve for living cells fits the equation: relative intensity = 0.7464 + 0.2482· \[1−exp(0.000568·t)\] from 90 s. (C) FRAP interpretation. One kinetic population enters the bleached zone quickly (e.g., through diffusion), whereas the other can only initiate once engaged and bleached polymerases have terminated and dissociated. (D) FLIP example. Half the lower nucleus was bleached progressively as confocal images were collected approximately every 0.43 s. The intense signal to the left and right of the bleached rectangle is an artifact. Bar, 10 μm. (E) FLIP results (± SD, *n* ≥ 15). Inset; kinetics of curve 2 are consistent with there being two populations, one that rapidly enters the bleaching zone, the other being engaged and so remains unbleached.](200206019f1){#fig1}

FLIP
----

For FLIP, a field containing two nuclei was selected and raster scanned ([Fig. 1](#fig1){ref-type="fig"} D). A low laser power sufficient for imaging was used for most of each scan, and then power was increased 25-fold to bleach a rectangle in the bottom half of the lower nucleus. This process was repeated until most fluorescence disappeared from the top half. Now, the intensity in the unbleached half was expressed relative to its original intensity, and values were further corrected for the slight effects of bleaching during imaging (using the reduction in fluorescence seen in the unbleached upper nucleus; [@bib30]). If all GFP-pol were freely diffusible, bleaching the bottom half should progressively reduce the relative intensity in the top half because unbleached molecules have plenty of time to diffuse into the target area and be bleached; this is the result obtained in control cells expressing GFP ([Fig. 1](#fig1){ref-type="fig"} E, curve 1). If all were immobile (as in fixed cells; unpublished data), the relative intensity remains at unity because immobile molecules in the top half can never enter the bleaching zone. The results obtained lie between these extremes, and are again consistent with the existence of a large fast population and a smaller slow (engaged) one ([Fig. 1](#fig1){ref-type="fig"} E, curve 2 and inset). The fast population decayed at a slightly lower rate than GFP, suggesting that it diffused more slowly and/or associated and dissociated from nuclear binding sites ([Fig. 1](#fig1){ref-type="fig"} E, compare curves 1 and 2). DRB increased the fast fraction ([Fig. 1](#fig1){ref-type="fig"} E, curve 3). Although it is difficult to distinguish the extent of the fast and slow fractions precisely from curves like these, the difference between curves 2 and 3 reflects the size of the DRB-sensitive fraction. It reaches 22% after 40 s and decreases thereafter, as the obscuring fast fraction is removed to reveal the engaged fraction, which then declines as polymerases terminate. Although 22% is an underestimate of the engaged fraction (as not all the obscuring pool will be bleached), it is reassuringly close to that obtained by FRAP.

Kinetics in wild-type cells determined by radiolabeling
-------------------------------------------------------

We also examined the kinetics of the endogenous polymerase in wild-type cells using an independent technique ([Fig. 2](#fig2){ref-type="fig"}). Parental CHO-K1 cells were encapsulated in agarose beads to protect them, grown in \[^3^H\]uridine for different times, treated without and with sarkosyl, and the amount of radioactivity in RNA counted. Sarkosyl is a strong detergent that is widely used to extract completed transcripts while leaving nascent ones still associated with the polymerase engaged on its template ([@bib19]; [@bib35]). Under our conditions, it removes completed transcripts, but leaves nascent ones in beads ([@bib14]; [@bib17]; [@bib34]). In principle, radioactivity in all transcripts should increase, whereas that in nascent transcripts rises to a plateau ([Fig. 2](#fig2){ref-type="fig"} A). In practice, there is a short lag of 2.5 min as internal pools become labeled; then, the maximum rate of incorporation is reached before turnover tempers the increase ([Fig. 2](#fig2){ref-type="fig"} B, curve 1). Nascent (sarkosyl-resistant) transcripts initially become labeled with similar kinetics, but soon become saturated ([Fig. 2](#fig2){ref-type="fig"} B, curve 2). Excluding the initial lag, it takes ∼14 min for label in nascent transcripts to reach half the maximum. As the increase in labeling is determined by rates of initiation and elongation, and as initiation and termination rates must be equal, this half-time is that of a complete transcription cycle. These results confirm those obtained by FRAP, and indicate that tagged and wild-type enzymes behave similarly.

![**Labeling nascent transcripts.** (A) Approach. Wild-type (CHO-K1) cells are grown in \[^3^H\]uridine, and treated ± sarkosyl to extract completed transcripts and leave nascent ones. Polymerases (ovals) at different stages of the transcription cycle incorporate ^3^H (diamonds) into RNA (wavy lines), as some terminate and others initiate. Radioactivity in all transcripts increases progressively, whereas that in nascent ones plateaus. (B) Incorporation (expressed as a fraction of the total at 120 min).](200206019f2){#fig2}

Effects of actinomycin D
------------------------

Actinomycin D (actD) is a widely used transcriptional inhibitor, although its precise mode of action is unclear. It intercalates into DNA, and so could act like ethidium to promote dissociation of DNA-binding proteins ([@bib21]; [@bib16]); alternatively, it could just stall the polymerase. We found it decreased the fast fraction seen by FRAP ([Fig. 3](#fig3){ref-type="fig"} A, curve 2) and FLIP ([Fig. 3](#fig3){ref-type="fig"} B, curve 2). This is consistent with the polymerase stalling at the intercalated drug, and with continuing initiation then increasing the engaged fraction. If so, incubation with the drug for longer amounts of time (3--4 h) should increase the engaged fraction, and it did ([Fig. 3](#fig3){ref-type="fig"} A, curve 3). As DRB and actD had opposite effects, we pretreated cells with both and found that DRB prevented the actD-induced immobilization ([Fig. 3](#fig3){ref-type="fig"} B, curve 3); however, the disengagement was not as great as was seen with DRB alone ([Fig. 1](#fig1){ref-type="fig"} E, curve 3).

![**Effect of actinomycin (actD; 5** μ**g/ml for 0.5--2.5 or 3--4 h)** ± **DRB (100** μ**M for 0.5--2.5 h) on polymerase mobility.** (A) FRAP (*n* ≥ 8; 6 SD). Curve 1; data from [Fig. 1](#fig1){ref-type="fig"} B, curve 2. (B) FLIP (*n* ≥ 15; ± SD). Curve 1; data from [Fig. 1](#fig1){ref-type="fig"} E, curve 2.](200206019f3){#fig3}

Discussion
==========

To what extent does GFP-pol behave like its natural counterpart?
----------------------------------------------------------------

This question arises in any study using a GFP-tagged protein. The best way of ensuring that a tagged protein behaves normally is to replace endogenous coding sequences with ones that specify the tagged molecule, establish a stable clone of cells expressing the modified genes, and confirm by genetic complementation that the cells grow and behave normally. This is rarely done in mammalian cells, as precise gene replacement is so difficult, and "transient" transfection and the study of the resulting populations of variably expressing cells so convenient; in addition, the mutants required to demonstrate complementation are usually unavailable. Here, we did not replace an existing gene, but added an extra tagged one under the control of a heterologous promoter, and this usually results in overexpression. However, we did both establish a stably expressing clone and demonstrate complementation using the appropriate mutant. The largest (catalytic) subunit of polymerase II was tagged with GFP, and expressed in CHO cells bearing a temperature-sensitive mutation in the same subunit; the tagged molecule allows the cells to grow much like the wild-type ones at the nonpermissive temperature, so it must be functional ([@bib34]). Moreover, immunoblotting reveals that under our growth conditions, a significant fraction of the tagged subunit (but little of the endogenous temperature-sensitive subunit) is hyperphosphorylated, reactive with the H5 antibody, and resistant to sarkosyl; these are three characteristics of active subunits (Introduction).

Two properties of the tagged polymerase were analyzed in detail: (1) the engaged fraction; and (2) the time taken to complete half a transcription cycle. Given the successful genetic complementation, we might expect (but cannot formally prove) that the tagged polymerase behaves normally, simply because it is difficult to imagine how the cells could survive if the properties of such an important enzyme were changed significantly. Fortunately, the engaged fraction of the tagged polymerase in the nucleus ([Fig. 1, B and E](#fig1){ref-type="fig"}; see Materials and methods) turns out to be similar to that found previously for the untagged enzyme in HeLa cells ([@bib17]). Moreover, the half-life of GFP-pol in the complemented cells also proves to be similar to that of the untagged enzyme in wild-type CHO cells ([Fig. 2](#fig2){ref-type="fig"}). Taken at face value, this suggests that any overexpression has little influence on nuclear kinetics, and there is a simple explanation of why this may be so. The other subunits in the core enzyme will be expressed at the usual levels, and so excess GFP-tagged subunits cannot be incorporated into the core enzyme; therefore, we might expect them to remain in the cytoplasm, and this seems to be the case ([@bib34]). But as with all studies using GFP as a tag, it remains possible that the tag and/or any overexpression influences the kinetics seen by FRAP and FLIP, and this should be borne in mind during the following discussion. Note that we did not study the diffusion of the GFP-pol for the reasons discussed in the Introduction, and because its apparent diffusion rate turns out to be sufficiently fast that it makes essentially no contribution to the slow kinetics analyzed ([Fig. 1](#fig1){ref-type="fig"} E). However, the fast fraction appears to diffuse more slowly than GFP alone ([Fig. 1](#fig1){ref-type="fig"} E; unpublished data), and future studies are needed to determine whether this reflects a larger size (perhaps of a core or holoenzyme) and/or repeated association and dissociation from different nuclear binding sites (e.g., factories, speckles, or Cajal bodies).

The kinetics of the polymerase
------------------------------

We can draw several conclusions from this work. First, results from both FRAP and FLIP ([Fig. 1, B and E](#fig1){ref-type="fig"}) are consistent with 20--25% GFP-pol being engaged. Biochemical analysis shows that a similar fraction of the untagged polymerase is engaged in HeLa cells ([@bib17]), but, as discussed above, this similarity could arise fortuitously. Second, little transcriptionally inactive GFP-pol is found in stable complexes, as DRB eliminates almost all the slow (engaged) fraction ([Fig. 1](#fig1){ref-type="fig"} B). This result is not supported by additional data on the natural polymerase, but it implies that any unengaged enzyme on promoters or in larger structures like holoenzymes, preinitiation complexes, or factories ([@bib24]; [@bib4]; [@bib22]) must exchange rapidly with soluble molecules ([@bib26]).

The third result surprised us. Data obtained using FRAP (on the tagged polymerase) and radiolabeling (on the natural enzyme) indicate that it takes 14--20 min to complete half a transcription cycle ([Figs. 1](#fig1){ref-type="fig"} B and 2 B). How does this compare with other estimates ([@bib15])? Although several highly active (polymerase II) transcription units like those encoding a heat shock protein ([@bib23]), globin ([@bib38]), and actin ([@bib9]) have been studied, no in vivo data exist for the time taken to initiate and terminate on a "typical" unit. Therefore, we determined it as follows: first, we calculated the average elongation time from the length of a transcription unit and the polymerization rate. Assuming a transcription unit in a CHO cell has the same length as a human gene (median length ∼14 kbp; [@bib12]), and a polymerization rate of 1.1--2.5 × 10^3^ nucleotides/min ([@bib15]), a typical transcription unit would be copied in 6--13 min. This complete elongation time is less than the half-times obtained by FRAP or radiolabeling, so elongating a typical gene probably occupies less than one half to one sixth of the transcription cycle. This fraction roughly equals that of all molecules that are transiently immobilized (i.e., one quarter to one fifth), as might be expected under steady-state conditions. These results are also consistent with the widely held assumption that initiation is rate-limiting. It follows that more than one engaged polymerase would rarely be found on a typical (expressed) transcription unit. This conclusion runs counter to the widespread belief that most polymerase II units are associated with many engaged enzymes. Although active units like the chorion and *hsp70* genes in *Drosophila*, and the globin and actin genes in mammals can be associated with many polymerases ([@bib29]; [@bib27]; [@bib38]; [@bib9]), studies of typical (expressed) genes show that they are associated with one or less polymerase ([@bib20]; [@bib8]; [@bib14]; for review see [@bib15]). For example, the *Drosophila* genes encoding two household genes (tubulin B1 and glyceraldehyde phosphate dehydrogenase) are typically associated with \<1 polymerase ([@bib33]), and the mammalian actin gene under steady-state conditions with ∼2 ([@bib9]). Even the major late unit of adenovirus, which is widely believed to be one of the most active units in a mammalian cell, has only one polymerase approximately every 7.5 kbp ([@bib1]; [@bib39]). These low numbers contrast with the ∼125 polymerases/transcripts seen on an active polymerase I unit ([@bib25]).

Finally, actD decreases the fast fraction seen by FRAP ([Fig. 3](#fig3){ref-type="fig"} A, curve 2) and FLIP ([Fig. 3](#fig3){ref-type="fig"} B, curve 2), suggesting the polymerase stalls at the intercalated drug as continuing initiation increases the engaged fraction. Although this is unsupported by independent data on the natural enzyme, we have no reason to believe that the GFP tag influences the way the inhibitor acts.

Models for the initiation of transcription
------------------------------------------

Taken at face value, these data constrain current models for initiation. For example, the stepwise assembly model sees TBP binding to a promoter, followed successively by transcription factor (TF) IIB, polymerase/TFIIF, TFIIE, and TFIIH ([@bib28]). However, little TFIIB-GFP ([@bib3]) or unengaged GFP-pol is immobilized ([Fig. 1](#fig1){ref-type="fig"}), so assembly must be rapid relative to the other phases in the cycle. Another model sees the polymerase assembled into a stable transcription complex that repeatedly transcribes the same gene ([@bib2]), but then the half-life obtained by radiolabeling should be much less than that obtained by FRAP. Note that our results do not exclude the possibility that a stable "scaffold" containing TFs facilitates recycling ([@bib41]), but that scaffold would have to be free of polymerase.

Our data are consistent with the following parsimonious model for the transcription of a typical unit ([Fig. 4](#fig4){ref-type="fig"}). During most of the cycle, the polymerase, TFs, and promoter collide at random to bind and dissociate immediately. Only occasionally do collisions occur in the appropriate sequence that permit rapid assembly of a preinitiation complex (probably in the order described above), and this complex soon initiates. Next, elongation occupies one quarter of the cycle before the polymerase terminates and dissociates quickly. It follows that a typical "active" (i.e., expressed) transcription unit is misnamed, as it spends a significant time not being transcribed. Note that many newly made transcripts are nongenic, and it remains to be seen whether the transcription cycle of genic transcription units is shorter than that of nongenic units.

![**A model for the transcription cycle.** Polymerases (small ovals) and transcription factors (TFs; circles) spend most of their time (white segment) exchanging between nucleoplasm and a promoter and/or a transcription factory that contains one ([@bib24]) or more ([@bib4]) polymerases (large ovals); when bound to the factory, the polymerase spends most of its time elongating (dark gray segment). Little (if any) bound but untranscribing polymerase is seen, so initiation and termination times must be short (light gray segments). The fraction of the cycle occupied by elongation (∼27%) is calculated from the average half-times obtained by FRAP and radiolabeling (i.e., t~1/2~ of 17 min) and an elongation t~1/2~ of 4.6 min (from an elongation rate of 1.8 × 10^3^ nucleotides/min and a transcription unit that is 20% longer than a typical gene of 14 kbp; [@bib6]).](200206019f4){#fig4}

Materials and methods
=====================

FRAP and FLIP
-------------

A clone stably expressing GFP-pol (C23) was cultured at 39°C ([@bib34]), and images were collected immediately as cells were grown on the microscope stage at 37°C. This clone expresses variable amounts of GFP-pol in the cytoplasm, but more constant amounts in the nucleus; cells expressing low cytoplasmic levels were selected for study to minimize any contribution of nuclear import to fluorescent recovery. However, note that such a contribution must be small, as repeated photobleaching of a small nuclear region over several seconds had little effect on cytoplasmic fluorescence. Fluorescence images were collected ([@bib16]) using a confocal microscope (Radiance2000 \[Bio-Rad Laboratories\]: 25-mW Ar laser at 4% power, 10× zoom, pinhole aperture 4, scan speed 600 lines/s, Kalman filtration 3, LP500 filter) fitted to a microscope (model TE300; Nikon) with a 60× PlanApo objective (N.A. 1.4). For FRAP, 10 equatorial images were collected, a small area was bleached (100% Ar laser power, 100× zoom, 3 scans), and images were collected using the original settings every 15 s for 3 min and every 1 min thereafter up to 30 min (or every 15 s for 6 min and at 10, 20, and 30 min after drug treatment). Relative intensities in the bleached area were measured and normalized using the average intensity before bleaching. For FLIP, a field with two cells was selected, imaged approximately every 0.43 s for 13 s, and the bottom half of a nucleus was bleached (100% laser power) during subsequent scans ([@bib30]). Curves were analyzed as described previously ([@bib16]). For example, curve 2 in [Fig. 1](#fig1){ref-type="fig"} B could be fitted (using GraphPad Prism software v3.02; <http://www.graphpad.com>), assuming there were two populations, fast and slow. If recovery of the slow population occurs exponentially, kinetics are governed by R = C + P(1−exp^−kt^), where R is relative intensity, C is constant (equivalent to the relative intensity given by the fully equilibrated fast fraction), P is plateau value of the slow population, k is association constant, and t is time. Therefore, the half-time is t~1/2~ − ln(1/2)/k.

Transcriptional activity of bleached regions
--------------------------------------------

The transcriptional activity of bleached regions of cells was assessed as follows: C23 cells grown on a glass-bottomed dish marked with a grid (MatTek) were bleached as for FRAP, incubated for 10--70 min, permeabilized, nascent transcripts were extended in Br-UTP, fixed, and immunolabeled ([@bib32]; [@bib34]) using mouse anti-BrdU (1/200; Caltag) and donkey Cy3-conjugated anti--mouse immunoglobulin (1/200; Jackson ImmunoResearch Laboratories). Bleached cells were identified using the grid, and green and red confocal images were collected sequentially (4% power with Ar laser and 515/528 nm emission filter; 5% power with 1-mW HeNe laser and 560LP filter). The distribution and intensity of sites containing Br-RNA was similar in bleached and unbleached areas.

Radiolabeling
-------------

Wild-type CHO-K1 cells expressing only the endogenous polymerase were grown overnight in 1.85 kBq/ml methyl-\[^14^C\]thymidine to label DNA uniformly, encapsulated ([@bib13]) in agarose beads (10^7^ cells/ml bead), regrown (4 h), and incubated in 3.7 Mbq/ml \[^3^H\]uridine. Incorporation was stopped by transferring 1-ml samples to 14 ml ice-cold PBS; beads were pelleted (3,000 rpm; 5 min; 4°C), washed two times in PBS, and radioactivity was measured by scintillation counting ([@bib13]). In some cases, beads were washed (5 min) in ice-cold 0.5% sarkosyl, spun, left overnight in ice-cold 0.5% sarkosyl, and washed two times before measuring radioactivity. ^3^H counts (in RNA) were normalized using ^14^C counts (in DNA).
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